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SUMMARY 
Post-transcriptional modifications of proteins by phosphorylation is one of the most common 
mechanisms involved in regulating the activity, subcellular location and turnover of proteins. 
These processes are involved in sensing environmental cues and regulating the cell response 
to biotic and abiotic factors. Peroxisomes are an important source of signaling molecules 
such as reactive oxygen species (ROS), NO and hormones, and play a central role in 
regulating different metabolic pathways and cell response to stress conditions. The presence 
of kinases and phosphatases in peroxisomes has recently been reported although the protein 
target of this type of modifications and its role in the peroxisomal metabolism have not been 
identified so far. In this study, we analyze the role of the peroxisomal protein kinases, CPK1, 
PK1 and PK4, in the plant response to stress caused by Cd and their role in regulating catalase 
and glycolate oxidase activities by using Arabidopsis mutants deficient in these kinases (cpk1, 
pk1 and pk4).  The results obtained suggest that CPK1, PK1 and PK4 are not essentially 
involved in the cell response to Cd, although PK1 and CPK1 may regulate glycolate oxidase 
activity while CPK1 regulates ROS production under Cd treatment. 
 
 
INTRODUCTION 
Post-transcriptional modifications of proteins play an important role in the regulation of the 
catalytic activity of proteins, their stability, interactions between proteins, and subcellular 
location [1]. Among these post-transcriptional modifications, protein phosphorylation is one of 
the most important and is probably  the best known modification in both prokaryotes and 
eukaryotes. The phosphorylation/de-phosphorylation of proteins is a reversible process 
regulated by kinases and phosphatases, respectively (Fig. 1). Annotation of protein families in 
Arabidopsis predicted the existence of approximately 1003 kinases, accounting for 4% of all 
proteins (Pfam; http://pfam.sanger.ac.uk/proteome?taxId=3702). 
Phosphorylation/de-phosphorylation is one of the most common mechanisms used by the 
cell to regulate the activity and functionality of different proteins, their subcellular location, 
interaction with other proteins and protein turnover [1]. These processes are involved in 
perceiving changes in the cell environment and triggering signaling events which enable a rapid 
regulation of metabolic pathways in response to extracellular changes which include biotic and 
abiotic factors [1,2] (Fig. 1). Plants have developed these modifications as  sophisticated and 
 16 
 
specific mechanisms for tolerating adverse conditions and for protecting themselves  under 
stress conditions [2]. In recent years, the proteomics of cells, tissues and organisms have 
become essential to understand the mechanisms involved in the regulation of cellular 
responses to their environment. 
 
 
 
Figure 1. A schematic presentation of protein phosphorylation 
events which eventually control  cellular responses [2]. 
 
Peroxisomes are subcellular organelles delimited by a single membrane that contain, as 
basic enzymatic constituents, catalase and hydrogen peroxide (H2O2)-producing flavin oxidases 
andare involved in very important metabolic pathways such as β-oxidation of fatty acids, the 
glyoxylate cycle, photorespiration, ureide metabolism, biosynthesis of plant β-oxidation of fatty 
acids and metabolism of reactive oxygen species (ROS) and reactive nitrogen species (RNS) [3, 
4]. The presence of kinases and phosphatases in peroxisomes has recently been reported 
which points to an important role for phosphorylation/de-phosphorylation in the regulation of 
these organelles [5, 6]. However, the protein target of these types of modification has not been 
identified so far. A recent phosphoproteomic study has identified some of the protein target of 
phosphorylation in peroxisomes, including glycolate oxidase (GOX), which produces H2O2, 
superoxide dismutase (SOD) and catalase (CAT), which areall  involved in ROS metabolism [7].  
In this study, we will analyze the role played by some of the protein kinases previously 
located in peroxisomes, CPK1, PK1 and PK4 [6], in the plant response to stress caused by a 
heavy metal. For that purpose, we will use Arabidopsis mutants deficient in these kinases and 
will measure  plant growth over  time in the presence of the metal. To attempt to determine 
the target of these kinases, the activity of some of the protein previously shown to be 
phosphorylated in peroxisomes will also be analyzed. 
 
 
MATERIALS AND METHODS 
Plant Material and growth conditions 
Arabidopsis wild type (WT) col 0 and Arabidopsis mutants deficient in PK1 (pk1, Salk_112111C), 
CPK1 (cpk1, Salk_080155C) and PK4 (pk4, Salk_054351C) were obtained from The European 
Arabidopsis Stock Centre (NASC). Seeds were surface-sterilized and stratified at 4°C for 24 
hours and grown in Murashige and Skoog medium (MS) 0,5x (control) and MS medium 
supplemented with CdCl250 µM in vertical plates. The plants were grown in a growth chamber 
(22 °C under a 16 h light/8 h dark regime) and kept for 12 days. Root length was measured 
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every day using  Image  3.0 software. The number of lateral roots and total fresh weight were 
analyzed after 12 days. Plants were also grown in soil and vermiculite (3:1) in a growth 
chamber at 21ºC/18ºC, 60%/50% relative humidity and 14 h of light and kept for 4 weeks. In 
adult plants, leaf area was measured using a Portable Area Meter Nod LI-3000. 
 
Enzymatic assays 
Catalase activity was measured spectrophotometrically as the consumption of H2O2 at 240 nm 
for 2 min at 25 °C. One ml of reaction mixture contained 50 mM potassium phosphate buffer 
(pH 7.0), 10,6 mM H2O2, and 10 μL of extract [8]. Glycolate oxidase activity was measured 
spectrophotometrically according to Pazmiño et al. [8]. One ml reaction mixture contained 50 
mM  potassium phosphate buffer (pH 8.3), 3 mM EDTA,  10 mM phenylhydrazine and 5 mM 
glycolic acid. The reaction was initiated by adding the sample and measuring the formation of 
the glyoxylate-phenylhydrazone complex at 324 nm for 2 minutes.  
 
ROS imaging  
H2O2 was detected by incubation with 25 μm 2′,7′‐dichlorofluorescein diacetate (DCF-DA; 
excitation at 485 nm, emission at 530 nm)  in 10 mM Tris-HCl (pH 7.4). Roots were incubated 
for 30 min at 37ºC as indicated by Sandalio et al. [9] and observed under a fluorescence 
microscope (Leica DMI600B). The fluorescence was quantified using the LAS AF lite software. 
 
Protein and statistical analysis 
Protein concentration was determined with the BIO-RAD Bradford Protein Assay kit (BIO-RAD) 
using bovine serum albumin (BSA) as standard. Data were subjected to one-way analysis of 
variance for each parameter. Differences were evaluated for significance by the t-student test.  
 
 
RESULTS  
Under physiological conditions, no differences were observed in terms of fresh weight between 
WT and pk4 Arabidopsis plants, while the growth of cpk1 plants was slightly higher than that of 
WT plants, while, for pk1 plants it was slightly lower (Fig. 2). The treatment with Cd induced a 
severe reduction in total fresh weight in all plants, WT and mutants, although for cpk1 the 
reduction was smaller, as compared to the other plants (Fig. 2).  
 
 
Figure 2. Cadmium effect (50 µM CdCl2) on  fresh weight of WT, cpk1, 
pk1 and pk4  Arabidopsis plants. Values are means±SD. Asterisks 
indicate that values are significantly different (*, p<0.05; **, p<0.01). 
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The time course analysis of root length in the presence and absence of the metal showed 
a similar pattern in WT and the mutants pk1, cpk1 and pk4 (Fig. 3). However, the length of pk4 
was significantly greater after 12 days of growth (Fig. 3-5). Treatment with Cd produced a 
severe reduction in root length, affecting both WT and the mutants in a similar way, although 
the metal affected  pk4 and cpk1  to a slightly lesser degree (Fig. 3-5). 
  
 
Figure 3. Time course analysis of cadmium (50 µM CdCl2) effect on root length in WT, cpk1, pk1 and 
pk4 Arabidopsis plants (A). (B) Effect of Cd treatment on root length after 12 d of treatment. Values are 
means±SD. Asterisks indicate that values are significantly different (*, p<0.05; **, p<0.01). 
 
 
Under physiological conditions, the number of lateral roots was slightly higher in pk4 and 
cpk1, while pk1 did not show any difference as compared to WT. Treatment with Cd caused a 
reduction in lateral roots which was more pronounced in WT and pk1 plants (Fig. 4).  
 
 
Figure 4. Cadmium effect  (50 µM CdCl2) on the number of lateral roots in 
WT, cpk1, pk1 and pk4 Arabidopsis plants. Values are means±SD. 
Asterisks indicate that values are significantly different (*, p<0.05; **, 
P<0.01). 
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Figure 5. Phenotype of Arabidopsis WT and mutants cpk1, pk1 and pk4 grown 
in MS medium (control) and MS medium supplemented with 50 µM CdCl2 
after 12 days of treatment. 
 
Analysis of leaf area in adult plants grown in soil for 21 days did not show any statistical 
differences between WT and Arabidopsis mutants deficient in PK1, CPK1 and PK4 (Fig 6).  
 
 
Figure 6. Leaf area of WT, cpk1, pk1 and pk4 for 21 day-old 
Arabidopsis plants. Values are means±SD.  
 
To determine the targets of the peroxisomal kinases analyzed in this study and taking into 
account that GOX and CAT have previously been demonstrated to be phosphorylated [7], the 
activity of these enzymes was analyzed in leaves from WT plants and the different Arabidopsis 
mutants. The analyses were carried out on adult plants (21 days old) and in the absence of Cd 
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treatment. Catalase activity did not show any differences between WT and the mutants, which 
demonstrates that CAT is not regulated for either of these kinases (Fig. 7). GOX activity was 
similar in WT and mutants, although a statistically significant reduction of between 15-20 % 
was observed in pk1 and cpk1, respectively. These results suggest that GOX may be partially 
regulated by these kinases (Fig. 8).  
 
 
Figure 7. Catalase activity of WT, pk1, pk1 and pk4 21 day-old 
Arabidopsis plants. Values are means±SD.  
 
 
 
Figure 8. Glycolate oxidase activity of WT, pk1, cpk1 and pk4 21- 
day old Arabidopsis plants. Values are means±SD. Asterisks 
indicate that values are significantly different (*,p<0.05). 
 
  
To check whether the changes observed in GOX activity affect the H2O2 production induced by 
Cd, H2O2 was analyzed by imaging its accumulation by fluorescence microscopy using DCF-DA. 
For that purpose, WT and cpk1 plants were treated with 100 µM CdCl2 for 24 h and the 
accumulation of H2O2 was imaged in roots. Figure 9 shows that, under physiological conditions 
in the absence of Cd, fluorescence caused by H2O2 was not visible in either of the plants, while, 
after treatment with Cd, a sharp increase in DCF fluorescence was observed in WT plants. 
However, in cpk1 mutants, the fluorescence signal was considerably reduced (Fig. 9). These 
results demonstrate that CPK1 may regulate the production of H2O2 in peroxisomes.  However, 
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due to the sharp reduction observed in H2O2 accumulation after treatment in cpk1 and the 
slight reduction observed in this mutant’s GOX activity, it is possible to speculate that, in 
addition to GOX, others sources of ROS production regulated by this kinase could also be 
involved. Additional more in-depth research is required to identify the targets of peroxisomal 
kinases and to determine the role played by these kinases in the signaling and regulation of the 
peroxisomal metabolism.  
 
 
Figure 9. Imaging of H2O2 accumulation induced by Cd in roots of Arabidopsis WT and cpk1. Ten 
day-old plants were treated for 24 hours with 100 µM CdCl2 and H2O2 was imaged by 
fluorescence microscopy using DCF-DA (Ex/Em: 485/530 nm; green, A). Root segments are 
shown by bright field(A). DCF-DA fluorescence was quantified in arbitrary units (a.u., B). 
Different letters indicate significant difference at p< 0.05.  
 
 
 
CONCLUSIONS 
1. The deficiency in PK1, CPK1 and PK4 does not affect the phenotype of Arabidopsis 
plants, although plants deficient in PK4 and CPK1 grew slightly more than WT. 
2. PK1, CPK1 and PK4 do not appear to be significantly involved in the regulation of cell 
response to Cd treatment. 
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3. Catalase activity is not the target of PK1, CPK1 and PK4, while GOX could be the target 
of PK1 and CPK1. 
4. PK1 and CPK1 could be involved in regulating H2O2 accumulation and the 
photorespiration pathway where GOX is the key enzyme.  
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MY OWN IDEAS 
Ana Isabel Olmedo Moya 
This Piiisa Project has been a very worthwhile experience for me and I have learnt a lot without 
getting bored. I choose this subject as,   in my  view, it is really interesting. We have had very 
few compulsary sessions, although we had to do many different types of activities. If there had 
not beent any afternoon sessions, we could not have finished the project in time, which is why 
I think there should be a greater number of compulsary sessions in order to meet the deadline 
and to carry out the project more effectively. The researchers and scientists have been 
extremely helpful throughout the course of the project. During the project, we carried out  
many activities which I had not done before  and everything was clearly explained. I am 
extremely grateful for the help provided by the scentists. To sum up, the experience has been 
amazing, interesting and fun and I have learnt many things. 
 
 
 
